A solar cell lock-in carrierographic image generation theory based on the concept of non-equilibrium radiation chemical potential was developed. An optoelectronic diode expression was derived linking the emitted radiative recombination photon flux (current density), the solar conversion efficiency, and the external load resistance via the closed-and/or open-circuit photovoltage. The expression was shown to be of a structure similar to the conventional electrical photovoltaic I-V equation, thereby allowing the carrierographic image to be used in a quantitative statistical pixel brightness distribution analysis with outcome being the non-contacting measurement of mean values of these important parameters averaged over the entire illuminated solar cell surface. This is the optoelectronic equivalent of the electrical (contacting) measurement method using an external resistor circuit and the outputs of the solar cell electrode grid, the latter acting as an averaging distribution network over the surface. The statistical theory was confirmed using multi-crystalline Si solar cells. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
Modern solar cell industry has moved toward GW-scale production, with quality control becoming a critical factor. 1 Non-destructive and non-contacting methods for optoelectronic diagnostics of solar cells at all stages of the fabrication process are in strong demand. Several such methodologies have been developed for analyzing the excess charge carrier lifetime of Si wafers in a short time, including carrier density imaging. 2 Microwave photoconductance decay is a "golden standard" method for imaging lifetimes, including short recombination lifetimes, but it is more time-consuming. 3 Conventionally, the I-V characteristics are obtained by attaching a resistive load or a power source to the irradiated solar cell or using a flash tester 4 to measure and evaluate its efficiency. This practice requires electrical contacts to a solar cell and is thus not well suited for mass production. Photoluminescence imaging (PL) is a fast non-destructive and non-contacting camera based diagnostic method which has been used for detecting electronic and other defects associated with crystal imperfections and handling of solar cells. [5] [6] [7] [8] However, dc PL cannot monitor the optoelectronic carrier kinetics of surface and near-subsurface regions due to its depth-integrated character through the signal dependence on the dc carrier diffusion length. 8 Laser-induced infrared photocarrier radiometry (PCR) 9 is a dynamic near-infrared (NIR) modulated PL, spectrally gated to filter out the thermal infrared component of the radiative emission spectrum from de-exciting free photocarriers. This emission is governed by the Law of Detailed Balance on which the non-equilibrium kinetics of optoelectronic device operation is based. 10 The infrared spectral complement of PCR concerns Planck (blackbody) thermal emissions due to nonradiative carrier de-excitations and can be detected using photothermal radiometry (PTR), a modulated thermal-wave generation and detection method. 11 The imaging equivalent of PTR is lock-in thermography which has also been used to investigate local power losses in solar cells. [12] [13] [14] PCR has proven to be an effective non-contact methodology for the measurement of transport properties in semiconductors. 9, 15 Lockin carrierography (LIC) is a dynamic NIR InGaAs-camerabased photocarrier radiometric PL imaging method recently introduced as an imaging extension of PCR. 16 LIC is further developed in this paper theoretically and experimentally to obtain relationships between surface-averaged distributions of optoelectronic energy conversion efficiencies and output photovoltages of entire Si solar cells on one hand, and radiative recombination modulated emission images on the other. In this manner, the solar efficiency and photovoltage can be measured without the need for contacting electrodes. The essence of quantitative carrierography (CG) as a nonequilibrium excess photocarrier PL imaging technique lies in the treatment of radiative emission fluxes from semiconductors as representative of the non-equilibrium carrier densities that generated them. This is entirely analogous to the Planck (blackbody) equivalent 9 and is expressed by the nonequilibrium physics of the generalized Planck law of radiation for non-black bodies. 17 The inherent dependence of the imaging contrast on the free photocarrier density depth integral 9 is the modulated carrier diffusion-wave equivalent to modulated thermal waves on which thermography is based and has provided the motivation for naming this dynamic PL imaging technique "carrierography." 16 In this paper, we develop the theory of the optoelectronic analog of the conventional photovoltaic diode equation and its application to the noncontact determination of solar conversion efficiency and photovoltage of industrial Si solar cells by means of modulated carrierographic imaging.
II. THEORY OF QUANTITATIVE SOLAR CELL CARRIEROGRAPHIC IMAGING
W€ urfel 17 and W€ urfel et al. 18 have discussed nonequilibrium radiative electronic recombination transitions associated with non-thermal infrared photon emissions in semiconductors, in terms of a radiation chemical potential l c . The essence of their theory was to link these nonequilibrium optical (non-thermal luminescence) phenomena to their limiting (equilibrium) case l c ¼ 0 in the framework of a thermodynamic treatment of radiation involving the generalization of Planck's radiation law for luminescence. W€ urfel's theory adapted to the case of the excitation of a solar cell p-n junction by an incident superband-gap photon flux of energy E i ¼ hx i yields a relationship between the photovoltage appearing across the junction and the chemical potential of electron-hole pairs
where q is the elementary charge. Here, l e , l h are the electron and hole quasi-Fermi levels. The Stokes-shifted (PCR) photon flux (cm À 2 s
À1
) emitted with infrared energy E ¼ hx in response to the incident photon excitation and absorption is given by 17 F R ð hx; V hx ; TÞ ¼ Að hxÞ
where A is the absorptivity of the non-blackbody emitter of non-thermal radiation at energy hx and c is the speed of light in the medium (¼c 0 /n r ; n r : medium refractive index). For indirect gap semiconductors like Si, the chemical potential l c also includes the energy of either an emitted or an absorbed phonon acting as a mediator of the indirect band-to-band electronic transition. 18 This extra term can be incorporated in the (shifted, effective) value of hx in Eq. (2), which essentially leaves the form of the equation unchanged. For semiconductor materials of bandgap energy E G > 1 eV, the exponent of the denominator gives hx À qV hx ) kT, so that the emitted flux can be accurately approximated as F R ð hx; V hx ; TÞ ffi Að hxÞð hxÞ
In Eq. (2) setting V hx ¼ 0 results in the well-known equilibrium black-body Planck emission equation, the limit of zero chemical potential l c . Non-radiative processes affect the excess photoexcited carrier density available for radiative recombination in dc-excitation processes, and the carrier density wave in ac-processes resulting from optical power modulation. The effect involves phonon emission and absorption processes with energies E NR ¼ hx NR , especially important in indirect semiconductors like Si. 18 It is manifested as decreased photovoltage V hx ¼ l c , which also decreases the PCR photon flux. The total flux is
where g R and g NR are the radiative and non-radiative (quantum) efficiencies, respectively. Here, F NR is the heat flux resulting from the non-radiative conversion of optoelectronic to thermal energy. These efficiencies can be expressed in terms of radiative and non-radiative recombination probabilities, 19 g R ðTÞ ¼ P R ðTÞ P R ðTÞ þ P NR ðTÞ ; g NR ðTÞ ¼ P NR ðTÞ P R ðTÞ þ P NR ðTÞ ;
provided no other energy conversion pathways exist. For solar or other optical superband-gap illumination, g R becomes a function of the generated photovoltage
Here, F A is the absorbed flux of incident photons and F R ð0; TÞ is the background (residual) equilibrium flux (in the dark), given by Eq. (3) with V hx ¼ 0. Under equilibrium conditions, Kirchhoff's law applies and the residual radiative emission becomes thermal. The emission rate is then equal to the absorption rate. Equation (6) can be written in terms of the photon flux incident on the solar cell and the non-radiative recombination (thermal generation) flux can be added to the overall photon conversion. Simplifying the notation
This equation is valid under open-circuit conditions, assuming that both radiative and non-radiative recombinations can occur. Under closed-circuit conditions (the most general case), an optical-to-photocurrent energy conversion pathway must be added which gives rise to a photocurrent flux, F C , on the rhs of Eq. (7)
Now, we define the following current densities (charge fluxes, A/m 2 ):
JðV hx Þ qF C ðV hx Þ;
Rearranging Eq. (8) while taking Eq. (6) into account and introducing definitions (9) results in
This equation can now be compared to the solar cell diode equation without series resistance and ideality factor n
where S is the illuminated surface area of the solar cell and R sh is the shunt resistance. The comparison reveals that the radiative diode equation (10) involves unity ideality factor and a reverse optical flux (saturation current densityequivalent factor) J 0 given in Eq. (9) . J 0 depends on F R (0)/ g R , where F R (0) is the equilibrium blackbody flux radiated by the solar cell (and equally absorbed at equilibrium) in the dark and g R includes the non-equilibrium (non-thermal) radiation processes, Eq. (6). Higher radiative efficiencies produce less optical saturation current, as expected. Similarly, g NR F NR is the thermal current flux and produces effects similar to the electrical shunt resistance: g NR F NR ¼ 0 corresponds to R sh ! 1, i.e., there are no losses (thermal emissive or electrical, respectively). Despite their formal similarity, the important difference between Eqs. (10) and (11) is that the latter connects purely electrical quantities: the measurable current density, J, flowing out of the solar cell as a function of the photovoltage, V, across the junction, whereas the former links an optically measurable quantity, the non-equilibrium radiative flux J 0 ð hxÞexpðqV hx =kTÞ, to the electrical current density. Therefore, the importance of Eq. (10) lies in the fact that it provides a linkage between fully non-contacting, remote photocarrier radiometric measurements of radiative emission rates (like dc PL, modulated PCR signals, and carrierographic images) and solar cell electrical parameters which otherwise require contacting electrical measurements and the presence of electrode grids. As a byproduct of the formal similarity between Eqs. (10) and (11), a number of expressions can be derived from Eq. (10) between radiative fluxes, current densities, and photovoltages by using well-known electrical relations for solar cells stemming from Eq. (11). The relevant quantities are the open-circuit photovoltage
where DJ J SC À J NR (for conventional solar cells J 0 ( DJ) and the closed-circuit photovoltage
The output photovoltaic power density is P hx ¼ JV hx . Maximizing the power density with respect to photovoltage, 
which, when combined with the expression
obtained from Eq. (10), results in the following expression for the maximum power density:
The maximum solar conversion efficiency is given by 
An expression for the fill factor (FF) has been provided by Ghosh et al.
Therefore, from Eq. (12a), to first order with J SC ) J 0 (11), the solar conversion efficiency is given by
Here, a non-ideality factor n was added ad hoc, in order to account for physical PCR and carrierographic responses of the p-n junction. In the framework of the chemical potential formalism of non-thermal radiation, 17 g max plays the role of the maximum chemical potential l c,max (quasi-Fermi level difference) of the radiative emission by recombining free 054505- 3 Mandelis, Zhang, and Melnikov J. Appl. Phys. 112, 054505 (2012) electron-hole photocarriers. From the definition of g R , Eq. (6)
where
is the photocarrier radiometric photon (luminescence) current density, a non-equilibrium quantity which can also be used for the definition of radiative non-thermal emission rates that generate carrierographic imaging. The radiatively recombining carriers are generated by the absorbed photon flux F A , and their density is limited by competing nonradiative and external electrical current generation processes. For photocarrier excitation modulated at angular frequency x M , leading, e.g., to PCR signals from a laser spot illumination and single photodetector element detection, or to ac carrierographic (LIC) imaging (broad surface excitation and camera detection), the emitted non-thermal optical current density identified as J PCR ðV hx Þ is proportional to the depth integral of the excess photogenerated carrier density DN(z,x) 18 over the wafer thickness L, generalized for the physics of non-linear radiative recombination processes 21 with non-linearity coefficient
Here, K and C are constants independent of the photocarrier depth profile (see Sec. IV). Equation (21) shows that the same PCR depth integral is responsible for the carrierographic signal, S CG (x M ), as captured by a near-infrared camera. From Eqs. (19)- (21), the following expression is obtained for the maximum solar conversion efficiency: 
Similarly, the expression
can be adopted by means of the same approximation, and Eq. (22) can be rearranged and written in a mean-value form, averaged over the extent of the illuminated solar cell surface
This equation assumes a constant flux of optical illumination power over the illuminated surface of the solar cell. It also assumes that each pixel of the recombination-radiation-capturing camera receives a photon flux at the maximum local chemical potential, i.e., at V OC hx . This is the case with the CG response of a solar cell irradiated at open circuit or even during the fabrication process, before electrodes are attached to it. Owing to the spatially strong damped subsurface distribution of the carrier diffusion wave, a function of x M , the mean value hgi will depend on x M as indicated in Eq. (26), because integration over the wafer thickness, Eq. (21), will yield different depth distributions of local radiative recombination efficiencies at different modulation frequencies in strongly electronically depth-inhomogeneous devices like solar cells, on account of the frequency-dependent ac (complex) carrier diffusion length
Here, D * is the ambipolar carrier diffusivity and s is the minority recombination lifetime of the carrier diffusion wave. This implies that CG images of the same device obtained at different modulation frequencies will generally be different, the result of contrast variations generated by the local values of g R (x,y,z) radiative recombination efficiency. Now, turning to the complex nature of the rhs of Eq. (22), one may write 2012) where the common time modulation factor e ix M t has been omitted for simplicity. Rearrangement of Eq. (22) with P i transferred to the lhs, and separation of real and imaginary parts yields the following relation between the CG phase and the maximum solar conversion efficiency:
This relation can be extended to the mean-value (average) of the phase over the illuminated surface area in a manner and approximations similar to those used in the derivation of Eq. (26) h
The foregoing theory can also be used to predict the dependence of the carrierographic amplitude on photovoltage. From the definition of V hx , Eq. (12b), with J 0 from Eq. (9) and J PCR ðV hx Þ q½F R ðV hx Þ À F R ð0Þ, the following expression can be derived:
which also yields
A relationship between the dc photovoltage, V, and the excess minority carrier density has been presented by Trupke et al. 23 in the form
Here, Dg is the separation of the quasi Fermi energies, N D is the doping density, DN is the excess minority carrier concentration, n i is the equilibrium carrier density, and I PL is dc photoluminescence intensity. Equation (33) bears a similarity to Eq. (31) in terms of the functional dependence between excess carrier density-dependent quantities and photovoltage, but it does not account for depth inhomogeneity or for the depthintegrated nature of radiative emission efficiencies, nor does it specify what constitutes the empirical constant C. The derivation of Eq. (33) assumed Dg to be constant along the width of the solar cell base. The mean-value form of Eq. (31), averaged over the extent of the illuminated solar cell surface is
The corresponding expression for hV OC hx ðx M Þi with J ¼ 0 can be readily derived from Eq. (34).
III. MATERIALS AND EXPERIMENT SET-UP
Ten industrial multicrystalline solar cells (156 Â 156 mm 2 area, 0.2 mm thickness) from Enfoton Solar Ltd., Cyprus, were used for LIC measurements. Subsequently, one solar cell was selected and sequentially damaged through gentle front-surface rubbing with fine sandpaper. Imaging measurements were made before and after each procedure. The schematic of the LIC experiment set-up is shown in Fig. 1 . A near infrared camera (SU320KTSW-1.7RT/RS170 from Goodrich Sensors Unlimited) with a long-pass filter was used. The camera has a 320 Â 256 pixel active element, spectral bandwidth 0.9-1.7 lm, frame rate 119.6 Hz for window size corresponding to the full 320 Â 256 pixels, and full-frame exposure times ranging from 0.13 ms to 16.6 ms. A PCI-1427 frame grabber from National Instruments was used to read the camera image by a computer and to produce computer-generated amplitude and phase images using homemade software. Optical illumination was performed with two fiber coupled 9 -W 808-nm infrared diode lasers with stability better than 1% at maximum output power. The two lasers were used so as to attain sufficient optical flux over the full surface of our solar cells. The laser beams were spread and homogenized by engineered microlens arrays forming a square illumination area with uniform intensity around 0.04 W/cm 2 . A data acquisition module USB 6259 (from National Instruments) was used to generate sinusoidal waveforms for laser current modulation, as well as to trigger frame acquisition signals in the infrared camera from its digital I/O. The modulation frequency was set at 10 Hz. To acquire high signal-to-noise-ratio (SNR) lock-in in-phase and quadrature images, a 16Â undersampling lock-in method was applied to the output image frames.
IV. RESULTS AND DISCUSSION
Equation (21) gives the LIC signal, S CG (x M ), in the onedimensional carrier-density-wave approximation as a function of the radiative recombination efficiency. The proportionality constants C and K link the NIR detector/camera signal to the radiative emission process and can be consolidated as follows:
where the subscripts of S CG and x M are henceforth dropped for simplicity. F is a function of the spectral bandwidth ðk 1 ; k 2 Þ of the IR detector/camera and of the excess electron and hole carrier densities DN(z,x)DP(z,x). Under nearly intrinsic photocarrier transport conditions, this implies a quadratic dependence of the excess photocarrier density integrand ( ¼2). 24 The expected quadratic dependence is usually expressed as B rad DN(z,x) [DN(z,x) þ N D ] as shown in Eq. (33), where N D is the doping density. Under low injection conditions, however, the linear dependence on DN(z,x) dominates 9, 25 and the CG signals can be simplified with ¼1 which allows the integral in Eq. (35) to be calculated analytically. 9 In many PCR situations, the focused laser beam leads to intermediate injection conditions, or to recombination of free carriers not involving the conduction and valence bands (e.g., from band-to-impurity or bandto-defect), both of which can be modeled with between 1 and 2. 21 As discussed in Sec. II, in addition to bulk-averaged recombination lifetimes which characterize dc PL image contrast, the spatial (lateral as well as depth) resolution and contrast of LIC images is due to variations in modulated carrier-density-wave (CDW) amplitude and phase which are controlled by the ac carrier diffusion length and its dependence on the local band-to-band and (or) band-to-defect decay lifetime s within the diffusion length. Other transport properties generic to semiconductor optoelectronics 21 or to specific solar cell parameters (shunt resistance, series and load resistances, junction capacitance) 16 also contribute to contrast.
A. Solar-cell LIC image pixel brightness distributions
The ten industrial solar cells labeled #1 to #10 were used for LIC measurements at room temperature at open circuit. CG amplitude and phase images of #8 are shown in Fig.  2 , in which the metal electrodes on the front surface of the sample appear as two vertical strips. Figure 2(a) shows contrast due to a highly inhomogeneous distribution of radiative recombination processes across the solar cell, at the junction and mainly in the base of solar cell. The phase contrast in Fig. 2(b) is controlled by L e (x), Eq. (27), and is due to the phase lag contributed by depth variations of the CDW centroid 22 below the surface a function of the recombination lifetime s, and/or by the non-linearity exponent .
Statistical histograms (camera pixel modulated brightness intensity distributions) over fully illuminated surfaces were obtained from all LIC images for the purpose of validating the theory of Sec. II with respect to quantitative dependencies of image pixel averages on solar conversion efficiency and photovoltage. The histograms show the number of pixels with amplitude (or phase) values within a range x and x þ Dx (Dx: "bin size"). The number of pixels in Dx is proportional to the corresponding area of the solar cell so it describes the fraction of the solar cell surface with signal values within the given range. . It should be mentioned that a phase lag at 10 Hz is very small with high level of noise especially in short lifetime regions. The small contrast of the phase image in this case is used for demonstrating trends in phase behavior and for correlating them to amplitude trends. It is also used to validate the predictions of the theoretical model. As was shown earlier, 16 the highest contrast in LIC amplitude and phase images is at frequencies corresponding to the recombination lifetime (2pf $ 1/s).
The statistical results of the LIC image pixel modulated brightness distributions from all ten solar cells obtained at 10 Hz are shown in Table I . To calculate their solar conversion efficiencies and other electrical parameters, a load resistance box was used to measure the I-V characteristics with dc illumination provided by the two 808-nm diode lasers. The current I through the load resistance R L and the voltage V across R L were measured by changing the value of the resistive load. The experimental I-V characteristics of a solar cell were fitted to Eq. (11) in the form I(V) ¼ J(V)S (S: solar cell surface area) which, however, does not take into account the series resistance in the solar cell. The values of J SC , J 0 , n, and R sh were thus calculated for all cells. As an example, the I-V characteristics of solar cell #8 and the theoretical best fit are shown in Fig. 4 . The maximum power, P M ¼ V mp I mp (mW), was calculated from the voltage and current at the maximum power point. Using the experimental P M values, the solar conversion efficiency was obtained from
where J i is incident light irradiance (mW/cm 2 ) and S is the surface area of the solar cell (cm 2 ). The calculated results in Table I show that the efficiencies of the ten solar cells ranged from 16.6% to 17.7%, values which are in agreement with those provided by the manufacturer. The table also includes the best-fitted values of the other electrical parameters of the solar cells, as well as the LIC results of the pixel histogram statistics. The parameter "Sum" is the sum of the amplitudes of all the pixels (excluding the pixels of the vertical dark strips corresponding to the front surface metal electrodes) divided by the area of the solar cell illuminated in the amplitude images. The parameter "Max" is the distribution of phase maxima. These are essentially numerical integrals of the distributions in Fig. 3 and correspond to the amplitude average of Eq. (23) average was obtained for all solar cells under investigation, as the non-contacting lock-in carrierographic equivalent of the conventional electrical measurements averaged over a fully electroded solar cell surface. In view of Eqs. (26) . Therefore, the ac carrier diffusion length is equal to the dc carrier diffusion length which makes the LIC amplitude images exhibit the same features as their dc counterpart PL images. However, LIC produces phase images as a second independent imaging channel, while the dark current in the camera pixels as well as noise and dc background are strongly suppressed in the lock-in method. The experimental results of Fig. 5(a) and additional PCR signal frequency measurements at several locations across the surface of the solar cells (not shown here) follow the general trends: Larger mean-value sum (amplitudes) corresponds to higher solar conversion efficiencies and longer recombination lifetimes, as expected intuitively and concretely from the g proportionality to DJ, Eq. (16), with DJ J SC À J NR . High-optoelectronic-quality solar cells exhibit minimum J NR which maximizes g. Shorter recombination lifetime leads to smaller phase lag and is commensurate with smaller conversion efficiency g, as observed in Fig. 5(b) .
C. LIC image pixel brightness distribution dependence on surface damage
To further investigate the applicability of the results of the statistical methodology theory to the non-contacting study of the solar conversion efficiency dependence on other device parameters shown in Eq. (10) and its electrical counterpart, Eq. (11), solar cell #2 was selected and sequentially front-surface-damaged 3 times through rubbing with fine sandpaper, followed by LIC imaging at 10 Hz. Moreover, electrical measurements followed: the shunt resistance, R sh , of the solar cell was also measured before and after each rubbing procedure. It was found that without damage, R sh was 23. The large amplitude decreases due to the shift in recombination mechanism to non-radiative, induced the deteriorated image quality in both amplitude and phase channels. The contrast became so low that the damaged areas could not be distinguished from the intact parts of the surface while both regions exhibited compromised signal quality. This interesting lateral interaction effect may be due to the lateral diffusion and redistribution of photoexcited carriers: In isotropic high quality semiconductors, large local carrier-wave densities diffuse spherically around their generation spot, and in doing so, they highlight contrast with neighboring low-quality regions, e.g., through rapid non-radiative decay mechanisms. As the high-quality locations become damaged, this lateral charge transfer decreases and ultimately ceases, resulting in poor or non-existent radiative recombination contrast even in the non-damaged regions. 
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Mandelis, Zhang, and Melnikov J. Appl. Phys. 112, 054505 (2012) #8, Fig. 3(a) , except for a much higher peak of the left, which was contributed by a broken corner. The phase-image histogram also shows similarities to Fig. 3(b) . After the first and second rubbings, with the exception of the near-zero contributions of the electrode and the broken corner, the main peak in the amplitude image significantly shifted to the left with the peak growing narrower and taller because the total pixel number remained fixed. After the third rubbing, the main peak in the amplitude image entirely overlapped the leftmost peak corresponding to the electrodes and the broken corner. The narrowness of this peak is a statistical manifestation of the fully deteriorated image contrast. On the contrary, in the pixel phase distribution, Fig. 9 , the main peak shifted to the right in agreement with the imaging trends of Fig. 7 . Using the method of Sec. IV A, the solar conversion efficiency and other parameters of solar cell #2 were obtained, including the maximum power before and after mechanical damage. The I-V characteristics are shown in Fig. 10 . The best fits to Eq. (11) are excellent for all stages of mechanical damage and the calculated parameters are shown in Table II . Figure 11 is similar to Fig. 5 , however, the plots show smaller scatter, thereby better validating the statistical theory of Sec. II, specifically Eqs. (26) .
D. LIC image pixel brightness distribution dependence on photovoltage (load resistance)
According to the theoretical expression (34), the closedand open-circuit mean photovoltage is expected to have a logarithmic relationship to the surface-integrated LIC image pixel amplitude distribution. One solar cell was irradiated uniformly with laser intensity 0.04 W/cm 2 . The statistical distribution peak under smaller load resistance, Fig. 12 , shifted toward decreasing radiative recombination amplitudes with decreasing photovoltage, with a concomitant reduction of the half-width of the distribution. As with the measurements reported in Secs. IV A-IV C, it should be mentioned that owing to the surface metallic grid, the local photovoltage can be assumed constant over the surface of the investigated solar cell under small illumination intensity (0.04 W/cm 2 ). The presence of the grid minimizes or eliminates areas of high series resistance and leads to outdiffusion of excess minority carriers from areas with long recombination lifetime (high carrier-wave density) to areas with short lifetime (low density), as well as to shunt resistance (non-radiative recombinations) under open circuit conditions. As a result, PL from areas with long carrier lifetime significantly decreases and the surface-integrated CG amplitude reflects terminal voltage as well as average transport parameters that determine the generation current across the entire solar cell. Figure 13 
V. CONCLUSIONS
A theoretical solid state formalism for the dependence of the photocarrier radiometric and/or lock-in carrierographic imaging signal on optoelectronic properties of solar cells was developed and was shown to result in a simple analytical relationship between the emitted radiative recombination photon flux (current density) and the major output characteristic parameters of solar cells, namely the solar conversion efficiency and the closed-and opencircuit photovoltage. It was shown that the relationship between carrierographic signal and solar cell parameters is based on the similarity of the conventional diode equation (11) and the new optoelectronic equation (10) . This similarity allows the non-contacting image-based measurement of several key parameters of the full-surface illuminated solar cell with pixel brightness acting as a statistically averaging radiative-emission distribution network over the surface, much like contacting electrical measurements make use of the outputs of the surface-distributed electrode grid. The major parameters are the closed-and opencircuit photovoltage and the solar conversion efficiency. The theory was extended to measure mean values of these important parameters. The statistical theory was confirmed using multi-crystalline Si solar cells and illumination at 10 Hz modulation frequency. 
